Shales are widespread in sedimentary basins, and unconventional shale-gas and shale-oil reservoirs 31 are playing an increasingly important role in oil and gas production globally (EIA 2015) . 32
Technological advances in horizontal drilling and hydraulic fracturing have greatly promoted their 33 exploitation (Curtis et al. 2010; Clarkson et al. 2012; EIA 2015) . Shales are also important in carbon 34 sequestration (Chadwick et al. 2004 ) and as potential repositories for nuclear waste (Mallants et al. 35 2001; Bossart and Thury 2007) . 36
The integrated characterization of shale reservoir properties is critical for improved reservoir 37 prediction and enhanced recovery; however, the extremely fine-grained nature of shales makes precise 38 quantification challenging (Sondergeld et Within a solid material, volumetric porosity is the ratio between the volume of void space and the 139 bulk volume of the material. The voids or pores can be filled with fluids (liquid or gas), and are either 140 connected or unconnected (Bear and Braester 1972) . Porosity in shale reservoirs typically ranges from 141 2 to 15% (Chalmers et al. 2012 ; Klaver et al. 2015) . Porosity can be measured using helium 142 porosimetry, mercury intrusion porosimetry (MIP), gas adsorption, water adsorption 143 and calculated in 2D through image analysis on SEM and focused ion beam-scanning electron 144 microscopy (FIB-SEM) ( Microstructure and anisotropy of shales 148 Shale microstructure, including the morphology, arrangement and distribution of components, can be 149 used to identify the sedimentary environment of deposition and processes which altered the shale 150 during diagenesis (Chiou et al. 2012) . Microstructure can be characterised using various property 151 measurements including component (minerals, organic matter and pores) volume fractions, 152 orientations and connectivity (Kaarsberg 1959; Tosaya 1982; Sayers 1994 ). The anisotropy of shales 153 is likely to be controlled principally by depositional setting (Day-Stirrat et al. 2010) and can be 154 produced during bioturbation and cementation in early diagenesis (Milliken and Day-Stirrat 2013) . 155
In shales, phyllosilicates (clay minerals) can acquire a preferred bedding-parallel orientation during 156 sedimentation and compaction (Sayers 1994) . Additionally, dissolution of smectite and precipitation 157 of illite can also result in the anisotropy ( There is an inherent scale hierarchy in shales which can be recognized due to their heterogeneity. 186
These scales are defined here and, as outlined below, consist of: macroscale, mesoscale, microscale, 187 low-resolution nanoscale, and high-resolution nanoscale. 188
The macroscale refers to the length scale of 10 -3 m or larger. Natural fractures, lithofacies and bedding 189 or lamina information can be observed at the macroscale (Ortega et 
2D imaging techniques

215
The most common techniques used for 2D imaging of shales are optical microscopy (OM), electron 216 microscopy (EM) including scanning electron microscope (SEM) and transmission electron 217 microscopy (TEM), and X-ray radiography. 218
Shale microstructure observations require careful sample preparation. For OM and SEM observations, 219 the surface investigated should be extremely flat and well-polished. This prevent artefacts obscuring 220 the sample, reduces image blurring caused by high surface relief and allows high quality atomic 221 number contrast on SEM images (Krinsley et al. 2005) . Sample impregnation with resin followed by 222 sample cutting and mechanical polishing of the thin section surface is the most common way to obtain 223 a flat surface. However other preparation methods and products can be used to produce sample with 224 Optical microscopy (OM) 237 OM has been used to image shales since at least the early 20 th century, with the imaging of kerogens, 238 fossils and minerals in oil shales (Conacher 1917; Trager 1924) . OM consists of observing thin 239 sections in reflected or transmitted light (polarized). Criteria such as pleochroism, birefringence 240 colour, relief and cleavages, allows large components in shales to be identified. OM provides 241 significant textural information on relatively large areas when compared with higher resolution 242 techniques. Using OM, centimetre-to millimetre-scale textural information and silt-size detrital or 243 authigenic minerals can be observed (Pisciotto 1981; Loucks and Ruppel 2007) . In some organic-rich 244 shale samples, microscale kerogen pieces can be imaged and the types and distribution defined 245 (Trager 1924; Buchardt and Lewan 1990) . Furthermore, an optical microscope is quick, cheap and 246 accessible to most geoscientists who will also be familiar with its operation from their undergraduate 247 teaching. But at the millimetre scale, microscale and nanoscale components such as individual clay 248 mineral particles and nanopores cannot be resolved. In spite of its relatively low-resolution and 249 difficulties in image analysis in shales at this scale, OM is still widely used in shale studies, often 250 combined with other high resolution imaging techniques. 251
Additionally, confocal laser scanning microscopy (CLSM) has showed the potentials in shale studies. 252
A point light source is used to scan the thin section and excite fluorescence in the focal plane. It has 253 been used for kerogen imaging particularly in organic-rich shale samples (Nix and Feist-Burkhardt 254 2003) . 255
Scanning electron microscopy (SEM) 256
Using SEM, higher-resolution details of shale microstructure can be observed (Gipson Jr 1965) , both 257 in secondary electron (SE) and back-scattered electron (BSE) modes. SE imaging produces an image 258 of the surface topography (Suganuma 1985; Sealy et al. 2000) . This is particularly useful in imaging 259 the pores in shales where the structures, types, sizes and distributions of pores can be observed and 260 
3D imaging techniques
292
3D X-ray computed tomography (XCT) 293
XCT is a widely used and versatile tool that can be applied to solve many problems of image based 294 characterization in shales. It is particularly important in the study of shale as they are highly 295 anisotropic and therefore any 2D image will not capture the full complexity of the rocks 296
microstructure. This technique was first developed as a diagnositc medical technique by Godfrey 297
Hounsfield (Hounsfield 1973 ) and Allan Cormack (Cormack 1980 
312
The spatial resolution for cone beam systems normally used in laboratory XCT is determined by the 313 focal spot size of the X-ray source. The geometric enlargement in X-ray microtomography (Micro-CT) 314 depends on the distances between source, sample and detector (Stock 1999 Shale mineral characterization can be undertaken using X-ray powder diffraction (XRD), electron 397 backscatter diffraction (EBSD) and energy dispersive X-ray (EDX) techniques (Figure 1) . 398
Quantitative XRD is primarily used for phase identification of crystalline minerals in shale studies 399 using powders (Mandile and Hutton 1995) . EBSD can be used to identify minerals through the 400 characterisation of crystal structure (Prior et al. 1999; Parsons et al. 2015) . EDX analysis can also be 401 
Minerals and organic matter 491
Minerals and organic matter vary from meso-to nano-scale in size, and they can be imaged using a 492 range of techniques including OM, SEM, TEM, XCT and 3D-EM. Using OM and SEM ( imaging datasets to build kerogen and pore networks from which gas-in-place volumes were 545 calculated. Quantification of the 3D geometry and topology of pore pathways can be built on basis of 546 segmented pore, and gas transport could be analysed from the development of pore network models 547 
557
Image quantification
558
Quantitative microstructural characterization 559
Prior to the separation of minerals and other phases in shale image datasets, a series of image 560 processing steps are required. The processes outlined below are based on grey-scale images acquired 561 by XCT images and 2D/3D EM images. In XCT datasets, following the collection of a series of 2D 562 images by the X-ray detector, the 2D images must be 'reconstructed' to produce a 3D data volume. 563
The reconstruction processes typically uses the common centre of rotation of all the 2D images and a 564 computer algorithm to combine all the 2D images in to a 3D volume (Mersereau and temperature effects on shale were detected from 300-500°C, and strain localization was visible after 643 X-ray image registration. 644
The application of time-resolved image modelling has the potential to unravel complex morphological 645 interaction between the microstructure of shale and the anisotropic mechanical responses during 646 mechanical loading (Cai et al. 2016) . 647
Neutron imaging 648
Neutron imaging is also a powerful, non-destructive method enabling the internal structure of a 649 material to be quantified (Perfect et al. 2014 ). However, one of the fundamental differences between 650 neutron imaging and X-ray imaging is the feasibility of obtaining images from different materials. 651
Using neutron imaging, it is normally easier to image light elements (with low atomic number) than 652 X-ray techniques, including (amongst many others) carbon, water, and hydrogen. In addition, the 653 neutrons can also penetrate the high spectra of elements with higher atomic numbers that for example 654 to be imaged and enables a multi-scale approach on the same sample. This can reduce erroneous data 668 interpretation on small areas. SEM imaging at different scales is also possible through defocusing the 669 electron beam at various resolutions. Pore structure can also be characterized by TEM image mosaics; 670 however, sample sizes for TEM imaging are very limited, in contrast to centimetre-sized samples for 671 SEM. XCT and 3D-EM image volume mosaics can also be employed, but this is challenging in XCT 672 because of large image overlaps (around 50%) in cylinder-shaped scans and long acquisition times 673 especially in strongly heterogeneous shales. 674
Upscaling to log-or basin-scale 675
The aim of upscaling data to log-or basin-scale is to understand and model the petrophysical 676
properties at various scales. It can enable accurate in-place resources to be calculated and calculate 677 potential produced volumes in shale reservoirs. Ideally, microstructure image analysis should be 678 performed on samples from different depths in the basin and for different shale facies, so variability 679 microstructure and petrophysical properties can be quantified. There is potential for upscaled, high 680 resolution microstructure and petrophysical properties from different depths and facies to be directly 681 linked to well log or seismic data sets for accurate reservoir prediction (Ma 2016) . 682 example, pores below 10nm that are normally unresolvable using the XCT or SEM imaging, can be 691 measured by other techniques such as nitrogen adsorption and SANS and incorporated into multi-692 scale 3D models (Tariq et al. 2011; Ma et al. 2016 ). These very small pores (nm scale) may form a 693 locally connected flow path for gas molecules (Javadpour et al. 2007 ). Nanometre scale pores can be 694 built into whole pore models when combined with larger pores (>10nm) in imaging data. 695
Image based modelling
Fracture simulation 696
Unlocking natural gas and oil trapped in shale formations is an increasingly important challenge in the 697 oil and gas industry. Hydraulic fracturing combined with horizontal drilling facilitates the extraction 698 of oil and gas (Arthur et al. 2008; Rahm 2011 
